Use policy
Introduction
Monolayer cultures of murine primary neurons form spontaneously active networks in vitro, and are commonly used in pharmacological, toxicological and electrophysiological studies [3, 4] . In this regard, microelectrode arrays (MEAs) are particularly well suited to physiological, pharmacological and toxicological studies [4, 5, 16] of such cultures since they permit noninvasive, long term (weeks to months) monitoring of developmental and treatment-induced changes in neuronal network function [5] . However, conventional monolayer cultures do not reliably reproduce some physiological features of central nervous system tissue in vivo or, as acute brain slices in vitro/ex vivo in particular synchronous large amplitude local field potentials are absent [5] . This limitation can be addressed in part via organotypic slice cultures, but is further complicated by requirements for a media interface and the anatomical changes that are found in slice cultures within a few days in vitro.
In order to exploit the potential of MEAs but address the limitations described above, it has been speculated that three dimensional (3D) cell culture approaches could be used. To this end, numerous substrates have been successfully developed which are largely gel-based and contain extracellular matrix (ECM) components to influence cell development [1] . The ideal 3D matrix is biocompatible, persistent, easily manipulated (i.e. non-gel), can be coated with ECM components as required, seeded with defined cells and either grown in situ on an MEA or independently before assay using an MEA (i.e. comparable to use of acute brain slices [7] ).
Alvetex 3D cell culture scaffold [6] is commercially available, polystyrene-based and of 200µm thickness (Figure 1 ). The scaffold contains voids of variable sizes in which seeded cells can develop and can be shaped to fit MEAs and easily moved from culture vessels to MEAs. Additionally, small Alvetex circles (~6mm diameter) require fewer seeded cells than a monolayer seeded MEA (~40 mm diameter); an important consideration for high cost cultures (e.g. stem cells [13] ) and in the reduction of animal use in research [9] [16] .
Immunocytochemistry: Cells on coverslips and Alvetex were fixed by transfer to 24 well plates containing 0.5mL/well PBS, three brief washes with 0.5mL PBS and 10 minute incubation with 0.5mL PBS containing 3.7% formaldehyde. Wells were then washed in PBS (thrice) and 0.5ml PBS+0.02% Triton-X100 added for 2 minutes before washing with PBS+ 5% FBS (thrice) and incubation 2 hours with 0.5mL of PBS+10% goat serum. Serum solution was aspirated and 0.5ml primary antibody diluted in PBS, or PBS alone (control), added to wells overnight at 4°C. All wells were then washed with 0.5mL PBS+5% FBS (thrice) for 2 minutes. 0.5ml fluorophore-conjugated goat anti-rabbit or anti-mouse secondary antibody in PBS was added to all wells and incubated for 2 hours at room temperature before washing with 0.5mL PBS (thrice) for 2 minutes. 0.5mL 10 µg/ml Hoechst 33342 blue solution was added for 5 seconds before flooding with PBS and brief rinsing and draining with 0.5mL PBS (thrice). Coverslips and Alvetex were removed from wells, mounted on slides using fluorescence mounting medium (Vector Laboratories) and sealed using nail varnish before visualisation using epifluorescence microscopy. Primary antibodies (supplier and dilution) used were: GFAP (Dako, 1:1000), β-Tubulin III (Millipore, 1:1000).
AlexaFluor-conjugated secondary antibodies (Invitrogen) were used at 1:500 dilution. 
Results

Immunocytochemistry:
In both 2D ( Fig. 2A) and 3D (Fig. 2B) cultures, positive staining for GFAP and β-tubulin III was seen, representing glial (astrocyte) and neuronal cell populations respectively. GFAP-positive cell morphology showing extensive and intricate processes in 3D was consistent with that of astrocytes in intact mouse brain slices [10] and was in contrast to morphologically planar GFAP-positive cells with short processes seen in 2D cultures [8] .
These results confirm the presence of viable neuronal and astrocyte cell populations in both 2D and 3D cultures in addition to suggesting a substrate-induced morphological difference in astrocyte populations.
MEA Recording: Spontaneous action potential firing (Fig. 3A&B ) overlying limited local field potential events (Fig. C) were detected in both 2D and 3D cultures. In control conditions, spike firing rate was significantly lower in 3D cultures than in 2D cultures (p<0.0001; unpaired t-test; n=6 per culture type; Fig. 3A ) although no significant difference in mean total signal power <50Hz was seen between cultures (P>0.05; unpaired T-test; n=6
per culture type; Fig. 3C&D ).
In both culture types, spike firing was significantly increased by the GABA A antagonist, BMI (20µM; p<0.05 in each; n=6 per culture type) indicating intact GABAergic transmission (Fig. 3E&F ). Subsequent treatment with the glutamate receptor antagonists CNQX (20µM; AMPA/kainate) plus DL-AP5 (100µM; NMDA) significantly reduced normalized spike firing rate (P<0.05 vs control for each; n=6 per culture type) indicating intact glutamatergic transmission (Fig. 3E&F ) while, finally, treatment TTX (1µM) also significantly reduced firing rate vs control (Fig. 3E&F) . In order to further probe the relationship between action potential firing and local field potential events in 2D and 3D systems, we investigated the level of correlation between results obtained for the specific measures previously described. In control and BMI treatment conditions, a very strong positive correlation (shown hereafter as Spearman's r) was seen between spike firing and burst incidence in both 2D (CTL: 1; BMI: 1) and 3D (CTL: 0.97; BMI: 1) suggesting the expected interdependence between these phenomena wherein the majority of spikes occur during bursts. Interestingly, in control cultures, while a small positive correlation between burst incidence and total signal power (<50Hz) was seen in 2D (0.38), a negative correlation was observed in 3D cultures (-0.5) suggesting that, unlike 2D, in physiologically normal conditions in 3D, local field potential activity is not associated with spike bursts. When 3D
cultures were disinhibited via treatment with BMI, the correlation between burst incidence and total signal power (<50Hz) became positive (0.48) suggesting that local field potential events now associated with spike bursts as was previously seen in 2D cultures in control conditions. In BMI, the correlation between burst incidence and total signal power (<50Hz) in 2D cultures was largely unchanged (0.32).
Discussion
While a variety of commercial and bespoke scaffolds which support 3D cell culture are now in use [11] and neuronal-glial cultures have previously been grown on Alvetex membranes [14] , our results demonstrate for the first time that spontaneously active, functional networks can be formed and monitored using murine central nervous system cells grown within this substrate. Specifically, we show viable murine mixed neuronal-glial cultures grow in 3D within the Alvetex substrates. Furthermore astrocyte morphology is notably different in such 3D cultures when compared with 2D monolayers. This is particularly interesting when the astrocyte morphology seen in 3D culture (extensive, intricate processes) was more consistent with astrocyte morphology in vivo than with that seen in comparator 2D monolayer cultures, as previously described [14] . However, given growing recognition of the 'quadpartite synapse' [12] , investigations of microglia in 3D scaffolds such as Alvetex are warranted.
In addition to the more physiologically normal features of astrocytes present in these mixed neuroglial cultures maintained in 3D, robust spike firing activity was also seen. This Despite the significantly lower spike firing rate seen in 3D cultures, no difference in signal power at frequencies <50Hz (reflecting local field potential and volume conduction events) between 2D and 3D systems was seen. However, when the relationship between spike firing, burst events and low frequency signal power were investigated further, it was clear that burst events drive the majority of local field potential activity in 2D monolayer cultures whereas, in 3D cultures, low frequency local field potentials occur more frequently outside burst events in control conditions but become more strongly associated with bursting when disinhibited. This response from 3D cultures is more similar to the behavior of acute slice preparations [7] than the comparator 2D cultures and so highlight a unique advantage of 3D culture.
Taken together, our results show that primary, murine neuroglial cultures can be successfully seeded in inert 3D scaffolds to produce more physiologically normal networks 
